Background
Cardiovascular diseases are the leading cause of death in many countries and myocardial ischemia is a primary cause of morbidity and mortality among them [1] . During ischemia, the supply of nutrients and oxygen to heart tissue is impeded, which will eventually lead to heart failure and can be fatal if untreated. Once blood flow is restored to the ischemic zone, ischemic cells undergo further injury due to toxicity from the burst of ensuing reactive oxygen species, which may trigger apoptosis [2, 3] . Myocardium cell apoptosis has been reported to be an essential form of cell death in ischemia/reperfusion (I/R) injury and is characterized by nuclear condensation, shrinkage of the cell membrane, and formation of apoptotic bodies [4] [5] [6] .
Evidence has shown that endoplasmic reticulum (ER) stress and ER stress-initiated apoptotic signaling pathways are involved in the development of myocardium I/R injury [7] . Various stimuli, such as ischemia, hypoxia, free radical exposure, elevated protein synthesis, and gene mutations, can perturb ER homeostasis and cause the pathological accumulation of unfolded/misfolded proteins in the ER [8, 9] . The unfolded protein response (UPR) is triggered in cells when ER transmembrane protein sensors (PERK, IRE1, and ATF6) detect the accumulation of unfolded proteins [10] . However, if the stress is prolonged or overwhelming, the pro-survival effects of UPR switch to pro-apoptotic signaling, which is mostly mediated by transcriptional induction of CHOP or by activation of the JNK/c-JUN and/or Caspase-12-dependent pathways [11] . Figure 1A ) is a chemical chaperone with high in vivo safety [12] . Its physiochemical properties enable it to stabilize peptide structures and to improve the luminal folding capacity and traffic of aberrant proteins [13, 14] . In the previous study, we found that 4-PBA reduces I/R-induced cardiomyocytes apoptosis in vitro through inhibiting the specific ER stress-associated cell apoptosis pathways [15] . However, whether 4-PBA provides cardioprotection against I/R injury in rat hearts, or whether its protective effects are connected with the inhibition of oxidative stress and ER stress-associated pathways, remains unclear. In the current study, we aimed to determine whether 4-PBA improves heart function in isolated rat hearts subjected to I/R and to elucidate the potential mechanisms involved in 4-PBA-induced cardioprotective effects. Our results showed that pretreatment of 4-PBA alleviated I/R-induced cardiac dysfunction, oxidative stress, and ER stress responses, suggesting that 4-PBA can be a novel and useful therapeutic agent for myocardium I/R injury and possibly for heart failure.
4-PBA (

Material and Methods
Ethics statements
All of the experimental procedures were carried out according to the guidelines of the Experimental Laboratory Animal Committee of the Chinese Academy of Medical Sciences and the principles and guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Reagents 4-phenylbutiric acid (4-PBA) and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemical Co. (St. Louis, MO). The kits for determining lactate dehydrogenase (LDH), total reactive oxygen species (ROS), malondialdehyde (MDA) contents, total creatine kinase (CK), superoxide dismutase (SOD) activity, and glutathione peroxidase (GSH-Px) were obtained from Jiancheng Bioengineering Institute (Nanjing, China). In Situ Cell Death Detection Kits (Fluorescein) were purchased from Roche (Basel, Switzerland). Primary antibodies against Grp78, p-PERK, PERK, CHOP, Caspase-12, JNK, p-JNK, Bax, Bcl-2, and b-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Experimental Protocol
Male Sprague-Dawley rats weighing 200-220 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The Langendorff operation was performed as shown in Figure 1B . Briefly, rats were anesthetized with urethane (20%), and their hearts were rapidly removed and mounted to a Langendorff perfusion apparatus. The hearts were perfused with oxygenated Krebs-Henseleit (KH) buffer (95% O2, 5% CO 2 ) at a constant temperature of 37°C at a cycle length of 200 ms (300 bpm). LV pressure was measured using a water-filled wrap balloon connected to a pressure transducer and the signals were recorded using PowerLab and analyzed using Chart V 7.3.3. (AD Instruments). Rats were randomly assigned to 5 groups with 10 rats in each group: (1) control group; (2) I/R group; (3) (4) 4-PBA (5 mM, 10 mM) +I/R groups; and (5) 4-PBA (10 mM) group. All hearts were equilibrated with KH buffer for 15 min before the application of experimental protocols. For those undergoing ischemia/reperfusion, the hearts were subjected to 35 min of ischemia and 60 min of reperfusion. The following hemodynamic parameters were monitored during this process: left ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), maximum rate of contraction (+dP/dt max ), maximum rate of relaxation (-dP/dt max ), heart rates (HR), and LVDP (Left Ventricular Developed Pressure) ×HR.
Tissue processing and analysis
Frozen tissues of the isolated hearts were quickly homogenized in cooled phosphate buffer (pH 7.40), and the homogenates were centrifuged at 5000× g for 10 min at 4°C. The supernatants were then used to measure the content of LDH, ROS, MDA, and activities of SOD, CK, and GSH-Px using commercial kits (JianCheng Bioengineering Institute, Nanjing, China).
Heart histopathological examination
The isolated rat hearts were fixed with 4% paraformaldehyde for more than 48 h. Afterwards, the left ventricles of the hearts were trimmed and embedded in paraffin blocks, sectioned, stained with hematoxylin and eosin (HE), and examined under a light microscope (CKX41, Tokyo, Japan) by a pathologist blinded to the groups under study.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining
The apoptotic cells were determined by terminal deoxynucleotidyl transferase -mediated dUTP nick-end labeling (TUNEL) assay using the In Situ Cell Death Detection Kit (Roche, Basel, Switzerland) according to the manufacturer's protocol. Briefly, the paraffin-embedded tissue sections were deparaffinized, rehydrated, and fixed in 4% paraformaldehyde solution. After being dewaxed, rehydrated, and treated with 20 mg/ml proteinase K for 10 min, the tissue sections were rinsed with PBS 3 times. Then the tissue was permeabilized with 0.2% Triton X-100 for 5 min. Tissue slices were labeled with fluorescein TUNEL reagent mixture for 1 h at 37°C according to the manufacturer's suggested protocol. After that, slides were examined by fluorescence microscopy and the number of TUNEL-positive (apoptotic) nuclei was counted in 5 randomly chosen fields on each section. DAPI (10 mg/ml) was used to stain nuclei.
Western blotting analysis
Total soluble protein was extracted from the left ventricle of the hearts with extraction buffer supplemented with 1 mM PMSF. Immunoblotting analysis was performed by incubating the membrane overnight with corresponding primary antibodies (Grp78, p-PERK, PERK, CHOP, Caspase-12, JNK, p-JNK, Bax, Bcl-2, and b-actin). Afterwards, the membrane was incubated with secondary antibody conjugated with horseradish peroxidase at a 1:1000 dilution. b-actin was used as an internal standard. At least 3 separate experiments were performed with different lysates to confirm changes in the protein levels.
Statistical analysis
All experiments were repeated at least 3 times. The results are presented as mean ±S.E.M. or mean ±S.D. The differences between groups were analyzed using one-way analysis of variance (ANOVA) and the post hoc Tukey test to identify specific differences between groups. The level of statistical significance was set at p<0.05.
Results
4-PBA ameliorated I/R-induced heart dysfunction in isolated rat hearts
To determine the therapeutic implications of 4-PBA on I/R injuries, we employed an ex vivo Langendorff model. As illustrated in Figure 1B , after a 15-min stabilization period and the drug processing, adult rat hearts were subjected to 35 min of global ischemia followed by 60 min of reperfusion. The LVSP (left ventricular systolic pressure), LVEDP (left ventricular end-diastolic pressure), +dP/dt max (maximum rate of contraction), -dP/dt max (maximum rate of relaxation), HR (heart rates), and LVDP (Left Ventricular Developed Pressure) ×HR were recorded at the end of the experiments to evaluate the heart function. The results presented in Table 1 show that I/R treatment significantly decreased the levels of heart LVSP, -dP/dt max , +dP/dt max , heart rate, and LVDP×HR, and increased the level of LVEDP compared with the control group (all p<0.05). However, 4-PBA (5 mM, 10 mM) treatment significantly reduced this I/R-induced effect on the heart. Especially in the 4-PBA high concentration group (10 mM), the levels of heart LVSP, -dP/dt max , +dP/dt max , heart rate, and LVDP×HR were increased to about 25.7%, 104%, 130.6%, 48.1%, and 222% of that in I/R group, respectively, and LVEDP was deceased from 4.4-fold to 2.3-fold of the control compared with I/R group (all p<0.05). Moreover, histopathological examination results represented in Figure 2A confirmed the results. The left ventricles of I/R-impaired hearts were seriously damaged, with widespread edema, necrosis, inflammatory cells infiltration, and separation of cardiac muscle fibers. However, pretreatment with 4-PBA at a dose of 5 or 10 mM significantly alleviated the I/Rinduced myocardial injury. Taken together, these results suggest that 4-PBA ameliorated I/R-induced heart dysfunction in Langendorff-perfused isolated rat hearts.
4-PBA suppressed I/R-induced oxidative stress in isolated rat hearts
In the process of ischemia and reperfusion, oxygen-derived free radicals are thought to play an important role in the genesis of tissue injury [16] . The effects of I/R treatment on antioxidant enzyme activities were further evaluated in Langendorff rat hearts. Results presented in Figure 2B indicate that I/R caused significant decreases in SOD and GSH-Px activities (p<0.01 or p<0.001) and increases in LDH, ROS, MDA, and CK production (p<0.01 or p<0.05). However, these changes were effectively improved by 4-PBA pretreatment in a dose-dependent manner, indicating that 4-PBA protects myocardium from injuries induced by oxidative stress. 4-PBA suppressed I/R-induced overexpression of ER stressassociated apoptosis pathway proteins, thus alleviating ER stress and providing cardioprotection
The potential cardioprotective effects of 4-PBA against I/Rinduced heart injury were further explored by immunoblotting analysis. Total soluble protein of isolated rat hearts was extracted and subjected to the following experiments. The ER protein chaperone BiP, also known as Grp78, plays a major role in the progress of ER stress and is highly expressed in many diseases [17, 18] . According to the results in Figure 4A -4C, the expression level of Grp78 was markedly increased in the I/R group by 1.5-fold as compared with the control group (p<0.01), and the phosphorylation of PERK was increased to 2.8-fold of that in the control group (p<0.001), suggesting that I/R initiated the ER stress response. The induction of CHOP by the PERK-dependent pathway plays a convergent role in the UPR and has been identified as one of the most important mediators of ER stress-induced apoptosis protein [19] . In addition, the phosphorylation of JNK and the downstream Bcl-2 family proteins activation are widely involved in ER stress-induced apoptosis [20] . As shown in Figure 4A , 4D-4G, I/R significantly increased the relative protein levels of CHOP to 1.9-fold of that in the control group, and Caspase-12 to 3. respectively. However, this I/R-induced processing was significantly suppressed by 4-PBA. Compared to the I/R group, 4-PBA treatment significantly increased the expression of anti-apoptotic protein Bcl-2, decreased pro-apoptotic proteins CHOP, Caspase-12, Bax expression, and inhibited the phosphorylation of JNK (Figure 4, p<0.05, p<0.01 or p<0.001) . However, the 4-PBA treatment alone had no significant effects on the expression levels of the protein mentioned above (p>0.05). Collectively, these results indicate that ER stress is involved in the process of I/R-induced myocardium injury, and 4-PBA can inhibit the PERK-related ER stress pathway and its downstream apoptosis pathways, thus providing cardioprotective effects in isolated rat hearts.
Discussion
Ischemic heart diseases are severe health problem worldwide, and ischemia-reperfusion injury plays a major role in their high morbidity and mortality [21] . Our previous study investigated whether 4-PBA reduces I/R-induced cardiomyocyte apoptosis in vitro [15] . In the present experiments, we demonstrated 5223 that 4-PBA pretreatment alleviates the deterioration of cardiac contractile function, prevents oxidative stress, and decreases myocardium apoptosis in I/R-impaired isolated rat hearts. Our results indicate that 4-PBA ameliorates the I/R-induced myocardial dysfunction and cell apoptosis, and delays the onset of ER stress by inhibiting the overexpression of Grp78 and phosphorylation of PERK. The inhibition of oxidative stress was also involved in the cardioprotective effects of 4-PBA.
Cardiovascular diseases are the leading cause of death in many countries. In order to prevent myocardium from further damage, the best therapeutic strategy for myocardial infarction is to reestablish the blood flow [22, 23] . Nevertheless, ischemia/reperfusion (I/R) injury is inevitable, and causes a gradual decline of cardiac function [24] . Therefore, the exploration of new therapeutic agents that reduce I/R injury is very important. In a previous study, we comprehensively illustrated the inhibitory effects of 4-PBA on cardiomyocytes death and apoptosis induced by I/R in vitro [15] . We showed that 4-PBA could effectively inhibit I/R injury-mediated apoptosis pathways by modulating the expression of ER stress moderator proteins (Grp78, ATF6, and PERK) and their associated apoptosis pathways, including CHOP, Caspase-12, JNK, and the Bcl-2 family proteins (Bax and Bcl-2). In this regard, the central aim of this study was to explore whether 4-PBA improves heart function in isolated rat hearts subjected to I/R and elucidated the potential mechanisms involved in 4-PBA-induced cardioprotection. To address this question, we established a myocardial I/R model in isolated rat hearts. We observed that I/R injury irreversibly decreased the levels of heart LVSP, -dP/dtmax , +dP/dt max , heart rate, and LVDP× HR, while increasing the level of LVEDP (Tab. 1, p<0.05 or p<0.01) . However, 4-PBA pretreatment largely ameliorated this I/R-induced heart dysfunction. Also, histopathological examination confirmed that 4-PBA pretreatment inhibited the I/R-initiated widespread myocardial edema, necrosis, inflammatory cells infiltration, and cardiac muscle fiber separation (Figure 2A ).
Cell death during I/R is a widely accepted reason for myocardium I/R injury. Numerous studies in humans and animals have indicated the association between the progression of endoplasmic reticulum (ER) stress and apoptotic loss of cardiomyocytes [25, 26] . Treatment with 4-PBA (5 mM, 10 mM) significantly decreased the number of TUNEL-positive cells (Figure 3) , indicating the inhibition of apoptosis by 4-PBA in the process of I/R injury. ER stress is the result of the accumulation of unfolded or misfolded proteins in the ER lumen. Misfolding of proteins can be caused by endogenous factors such as genetic mutations, as well as exogenous factors such as I/R-initiated abnormal oxidative status and disrupted calcium homeostasis [27, 28] . Glucose-regulated protein 78 (Grp78) is an important ER molecular chaperone regulating protein folding, facilitating, translocation, and secretion in the ER [29] . Under homeostatic conditions, Grp78 is bound to 3 ER transmembrane proteins that act as signal transducers, activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and protein kinase-like ER kinase (PERK) [30] . Increased numbers of unfolded proteins within the ER prompt Grp78 to "undock" from IRE1, PERK, and ATF6. We found that I/R significantly increased the relative protein levels of Grp78 and p-PERK (Figure 3, p<0.05, p<0.01, and p<0.001) , indicating the activation of ER stress. In addition, I/R activated the downstream apoptosis proteins CHOP, Caspase-12, p-JNK, and Bax, and decreased the level of Bcl-2, thus initiating the associated apoptosis (Figure 3, p<0.05, p<0.01, and p<0.001) . CHOP is a critical pro-apoptotic transcription factor during ER-initiated apoptosis; it can mediate transcriptional induction of BIM, a pro-apoptotic BH3-only protein, and inhibit Bcl-2 at the same time [31, 32] . Caspase-12 and phosphorylated JNK are also involved in this process [21, 33, 34] . However, this I/R-induced processing is significantly suppressed by 4-PBA. Compared to the I/R group, 4-PBA treatment significantly increased the expression level of Bcl-2, and decreased protein expression of Grp78, p-PERK, and apoptosis proteins CHOP, Caspase-12, p-JNK, and Bax (Figure 3, p<0.05, p<0.01, and p<0.001) , suggesting that 4-PBA can prevent I/R-initiated ER stress and its associated apoptosis.
The relationship between reactive oxygen species (ROS) and myocardium I/R injury is dynamic in the body [35] . However, in some pathological conditions, for example I/R injury, the generation of ROS is a signal generated by misfolded proteins in the ER that causes UPR activation and cell death. However, how protein misfolding and oxidative stress affect each other has not yet been explored in plant systems [35, 37] . Endogenous antioxidants, including SOD and GSH-Px, are depleted and ROS are accumulated. In the present study, I/R injury was associated with increased oxidative stress, as evidenced by increases in myocardial LDH, ROS, CK, and MDA, and depletion of myocardial endogenous antioxidants such as SOD and GSHPx (Figure 2, p<0.05, p<0 .01, and p<0.001). On the other hand, the ROS produced by I/R can be scavenged directly by 4-PBA, thereby preventing lipid peroxidation and helping to maintain membrane integrity. This is further supported by the decreased levels of LDH, ROS, CK, and MDA in the 4-PBA-treated group (Figure 2, p<0.05, p<0 .01, and p<0.001).
ER stress-related accumulation of unfolded/misfolded proteins and the subsequent apoptosis are important pathways for the progression of many diseases [38, 39] . Myocardium ischemiareperfusion injury causes cardiovascular disorders by the disturbance of the UPR and leads to apoptotic cell death [40] . 4-PBA, a molecule currently used to clinically treat urea cycle disorders, has received attention as a small chemical chaperone that modulates UPR activation [41, 42] . In the present study we elucidated the significant protective effects of 4-PBA against I/R injuries in isolated rat hearts and illustrated its suppression of ER stress and associated apoptosis. The effect of 4-PBA on alleviation of ER stress may be associated with the inhibition of oxidative stress. This study provides new insights into the progression of ER stress in I/R, and also provides a novel drug candidate for preventing myocardium I/R injury in the future. However, the deeper mechanism involved in the cardioprotective effect of 4-PBA requires further study.
Conclusions
The results of this study revealed that a chemical chaperone 4-phenylbutyric acid has potent cardioprotective activity against heart ischemia-reperfusion injuries. We demonstrate that 4-PBA ameliorates the I/R-induced myocardial dysfunction and delays the onset of ER stress by inhibiting the overexpression of Grp78 and phosphorylation of PERK and that
